We herein report a new protocol for the Pd-catalyzed b-arylation of ketones without stoichiometric heavy metals. Widely accessible diaryliodonium salts are used as both the oxidant and aryl source. This tandem redox catalysis merges ketone dehydrogenation and conjugate addition without an additional oxidant or reductant. This transformation features the use of a unique bis-N-tosylsulfilimine ligand and the combination of potassium trifluoroacetate/trifluoroacetic acid to maintain an appropriate acidity of the reaction medium. The reaction tolerates both air and moisture, and shows a broad substrate scope.
Introduction
The transformation and functionalization of carbonyl compounds are of fundamental importance in organic synthesis. While conventional approaches mainly involve the electrophilic ipso carbon and acidic a-C-H bond of carbonyl compounds, recent advances have moved beyond the intrinsic reactivity allowing functionalization of the unactivated b-C-H bonds.
1 Among all of these b-functionalization methods, arylation reactions have received particular attention due to the prevalence of b-aryl carbonyl moieties in a large collection of bioactive compounds, including drug candidates, anti-oxidants and pesticides (Fig. 1) . 2 Traditionally, b-aryl carbonyl compounds are prepared via conjugate addition of aryl nucleophiles to a,b-unsaturated carbonyl compounds.
3 During the past decade, several b-arylation strategies that can directly employ saturated carbonyl compounds have emerged. The palladium-catalyzed direct barylation of amides was rst achieved with a bidentate directing auxiliary. 4 This strategy was pioneered by Daugulis, 4a Corey 4b and Chen, 4d and further extended with the use of iron and nickel catalysts.
5 Yu and coworkers also reported successful barylation reactions of weakly coordinating carboxylic acids and N-aryl amides. 6 The b-arylation of esters via a migratory coupling pathway was rst discovered by Hartwig, 7a and later systematically developed by Baudoin and coworkers.
7b,c The b 0 -arylation of 1,3-dicarbonyl compounds has also been reported using palladium catalysis, albeit with limited substrate scope.
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While carboxylic acid derivatives have been extensively studied as substrates, the direct b-arylation of normal ketones, in contrast, remained an unknown transformation until 2013. Combining photo-redox and enamine catalysis, MacMillan and coworkers disclosed a novel b-arylation of cyclic ketones with electron-decient arylnitriles (ArCN) as the aryl source (Scheme 1, eqn (1)). 9 In the same year, our group devised a palladium tandem catalysis protocol to achieve b-arylation of ketones with aryl iodides (eqn (2)).
10 This approach merged palladium-catalyzed ketone dehydrogenation, 11 aryl-halogen bond activation, and conjugate addition 3a (Scheme 2, catalytic cycle AB 0 C 0 D).
However, three major limitations exist with our previous method. Firstly, to extract the halide ligand from the palladium intermediate and restore the active dicarboxylate catalyst (PdL n Y 2 , Scheme 2), a stoichiometric amount of silver salt was required (step C 0 ). Besides the cost and environmental issues, the addition of silver salts also complicates the reaction mechanism due to the possibility of serving as a potential oxidant for the Pd(0) species. 12 Secondly, the practicality of the reaction conditions is hampered by the use of the air-sensitive P(i-Pr) 3 ligand, which necessitates air-free operations and highly puried reagents. Thirdly, a-or b-substituted cyclic substrates were found to be unreactive under the previously reported conditions. To address the aforementioned challenges, we herein describe the detailed development and mechanistic exploration of an alternative approach for b-arylation of simple ketones, in which a Pd(OAc) 2 /bis-N-tosylsullimine combination is used as the precatalyst and diaryliodonium salts are employed as the arylation reagent (Scheme 1, eqn (3)). This new method is free of stoichiometric heavy metals; moreover, it tolerates both air and water, and shows a broader substrate scope.
Optimization studies
We initiated our study by using cyclohexanone 1a and mesitylphenyliodonium triate 2a as the standard substrates. The mesitylaryliodonium salt was chosen for two reasons. Firstly, the use of bulky mesityl as one of the aryl groups is known to alleviate chemoselectivity issues, since the less sterically hindered aryl group would be transferred preferably. Secondly, iodomesitylene, a byproduct aer the oxidative addition (Scheme 2, step B), would barely interfere with the reaction, e.g. competitive reaction with the Pd(0) intermediate, also due to its steric hindrance.
Aer a thorough survey of the reaction parameters (e.g. catalyst, ligand, additive and solvent), the coupling between cyclohexanone 1a and iodonium salt 2a afforded the desired b-arylation product 3a in 70% yield (Table 1) . Our optimized reaction conditions utilize Pd(OAc) 2 as the catalyst and bis-N-tosylsullimine L1 as the ligand. A weak base, potassium triuoroacetate (KTFA), and an acidic medium consisting of 1,4-dioxane, triuoroacetic acid (TFA) and water were employed in the reaction. While 2.5 equiv. of ketone 1a was used to ensure fast initiation, 11e most of the extra ketone remained intact during the reaction. The over-oxidation was insignicant, and only a trace amount of diarylation was observed. In addition, this new b-arylation reaction proved to be robust and user-friendly: all of the reagents can be added in one batch without glovebox or Schlenk techniques, and no inert atmosphere is necessary.
Next, a set of control experiments were performed to gain a deeper understanding of the reaction (Table 1) . Common mesitylphenyliodonium salts with other counteranions are also suitable arylation reagents under the reaction conditions (entries 1 and 2). However, the diphenyliodonium salt led to a greatly decreased yield (entry 3). The poor efficiency can be attributed to the iodobenzene (PhI) byproduct released during the reaction, since oxidative addition of iodobenzene to Pd(0) is facile, and the resulting iodide ligand would poison the palladium catalyst. Such a hypothesis was also supported by the marginal yield when 2a was directly replaced by PhI (entry 4). The reaction was completely terminated without the palladium catalyst, indicating its pivotal role in this tandem catalysis (entry 5).
The choice of the ligand is crucial. The reaction without any ligand only gave a trace amount of product 3a (entry 6). Among all of the ligands examined, the bis-N-tosylsullimine ligand L1, easily prepared in one step from 1,2-bis(phenylthio)ethane and chloramine-T, gave the highest yield. Although sulfur-based ligands (e.g. suldes and sulfoxides) are widely used, 15 to the best of our knowledge, the family of bis-sullimines has not been previously employed as ligands for transition-metal catalysis. The reaction was found to be sensitive to the structure of the sullimine ligand. Mono-dentate sullimine ligands (L2-L4) and the bis-sullimine ligand with an elongated backbone (L5) are found to be inferior to L1. The corresponding bissulde and bis-sulfoxide ligands (L6, L7) were effective, albeit giving lower yields. While also providing the product, phenylvinylsulfoxide (L8), 16 4,5-diazauoren-9-one (L9) 11b,c and dimethylsulfoxide (L10) proved less efficient than L1.
The combination of KTFA/TFA proved to be indispensable: the yield dropped signicantly in the absence of one or both of the reagents (Table 1 , entries 8-10). It is likely that these two reagents act as a 'buffer pair' to control the acidity of the reaction medium. The strong acidity of TFA would facilitate the protonation of the palladium enolate to give the product (Scheme 2, step D). Nevertheless, triic acid (HOTf) should be produced when 2a was consumed (step A), which proved to be detrimental to the reaction (entry 11). Although TFA and KTFA can be replaced by other salts and acids, the yields dropped variably (entries 12-15). The addition of water was found to be important to promote the reaction, although the exact reason is unclear (entry 16, vide infra). A control reaction that was fully degassed and run under a nitrogen atmosphere gave a similar yield (73%, entry 17), excluding the possibility of oxygen serving as a stoichiometric oxidant. The b-arylation reaction also proceeded smoothly with a high mass balance when an equimolar amount of the two reactants was used (entry 18). Furthermore, we also discovered that the reaction maintained its catalytic activity at lower temperatures, although a prolonged reaction time was required (eqn (4)).
Substrate scope
The optimized conditions were then adopted to examine the substrate scope of this b-arylation reaction (Table 2) . Aryl groups with a wide span of electronic properties (electron-rich and -decient) all participated to give the corresponding b-aryl ketones (3a-b, 3d, 3f-i and 3k) . The reaction is also compatible with various para-, meta-and ortho-substituents on the arenes (3c, 3e, 3j and 3m). Base-and nucleophile-sensitive functional groups (those that nd it hard to survive under traditional conjugate addition conditions), such as methyl ketone (3l) and aldehyde (3m), remained intact in the reaction. Note that aryl bromide (3o), not compatible with our previous system, 10 can be tolerated under these conditions, which serves as a handle for further derivatization through cross couplings. It is also encouraging to note that the diaryliodonium salt containing a thiophene moiety also reacted to give the arylation product (3p). A complex estrone-derived iodonium salt smoothly delivered the product (3q). In this case, the cyclohexanone ring was selectively arylated while the cyclopentanone motif of the estrone remained intact.
Moreover, the ketone scope was greatly improved with this new catalytic system (Table 3) . Cyclic ketones with different ring-sizes were arylated in good yields (4a and 4b). Unlike our previous method, this new catalytic system enabled arylation of cyclohexanones containing a-, b-, or g-substituents.
For example, 3,3-dimethylcyclohexanone proved to be a suitable substrate (4c). Substituents at the C4 position yielded the trans products (4d-f) with excellent diastereoselectivity (>20 : 1). Sterically hindered 2,2-dimethylcyclohexanones were also compatible. Interestingly, when the product 3a was subjected to the reaction conditions, 3,3 0 -diarylcyclohexanone 4h was formed with excellent site-and diastereoselectivity. The relatively lower yields with 4g and 4h can be attributed to the competing decomposition of the diaryliodonium salt. 4-Piperidinone derivatives, a class of important pharmaceutical intermediates, can also be b-arylated (4i). While linear ketones are more challenging substrates, they still hold great promise under the new reaction conditions. The use of triuoromethyl ethyl ketone selectively afforded the diarylation product (4j), indicating that, aer the aryl migratory insertion, the Pd(II)-enolate intermediate underwent a faster b-hydrogen elimination instead of protonation. Mono-b-arylation was observed for 4-phenyl-butan-2-one (4k), and a considerable amount of the dehydrogenative b-arylation product was also formed.
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Mechanistic studies
To gain a better understanding of the reaction, a set of kinetics studies was rst performed, where gas chromatography was employed to monitor the reaction progress. Under the standard conditions, the b-arylation of cyclohexanone 1a with the mesitylphenyliodonium salt 2a exhibited an induction period that varied from 30 minutes to an hour (Fig. 2) . The initiation of the product formation was usually marked by the formation of an opaque dark red solution, while the yield ceased to increase when the diaryliodonium salt 2a was consumed.
It was also observed that the induction period was accompanied with the elimination of the ligand L1 to an equimolar amount of phenyl vinyl sullimine L11 and N-phenylsulfanyl tosylamine L12 in more than 95% conversion (eqn (5)).
16, 18 In addition, when used independently as the ligand, both ligands proved to be effective for the b-arylation reaction (eqn (6)). However, the direct use of L11 or L12 from the decomposition did not eliminate the induction period.
(5) (6) We hypothesized that the induction period and the formation of the dark red opaque solution were likely attributed to the transformation of molecular palladium complexes into active catalysts in the form of clusters. It is known that sulfur-based ligands, acids (e.g. TFA) and solvents with a high dielectric constant (e.g. water) can generate and/or stabilize palladium nanoparticles. 19 Recently, Stahl and coworkers also presented evidence for the role of Pd-nanoparticles in the dehydrogenation of cyclohexanones and cyclohexenones, 11e although tandem transformations that can be catalyzed by nanoparticles are rare.
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In order to distinguish between a soluble nanoparticle and a heterogeneous catalyst, hot ltration tests 20 were rst applied to the reaction mixture when the product formation had initiated (Fig. 3) . It was discovered that the resulting ltrates sustained the catalytic activity and gave comparable yields to the standard conditions upon heating. However, the ltrand collected was catalytically inactive and failed to deliver any desired product when heated together with new substrates, additives and solvents, suggesting that heterogeneous species were not responsible for the catalysis. The formation of nanoparticle species was also evidenced by dynamic light scattering (DLS) experiments, 21 which showed the presence of particles with an average size of 0.9 and 204 nm at 90 min (Fig. S4, ESI †) .
A supplementary mercury poisoning test 22 was also executed to support the presence of palladium nanoparticles. Molecular mercury is known to inhibit noble metal-nanoparticle-catalyzed reactions through amalgamation. Under our reaction conditions, when excess mercury was added during the middle of the reaction, complete inhibition was observed (Fig. 4) .
Conclusion
In summary, we have developed a distinct catalytic system for the direct b-arylation of ketones with widely accessible diaryliodonium salts. Compared with our previous method using aryl iodides, this new protocol holds several advantages. Firstly, it avoids the use of stoichiometric silver or copper promoters. Secondly, the conditions are more user-friendly: both moisture and air can be tolerated. Thirdly, the substrate scope is also extended to cyclic ketones with a-, b-, or g-substituents and even aryl bromides can be tolerated. Finally, the catalytic system can sustain the reactivity at lower temperatures. Efforts towards expanding the reaction scope to other b-functionalization reactions and developing enantioselective transformations are ongoing.
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